WC-SiC whisker ceramics (5 vol% SiC) containing Cr 3 C 2 and/or V 8 C 7 with no metallic binders were prepared by resistance-heated hot pressing at 1650 C and were examined with regard to sinterability, microstructure and mechanical properties. The addition of Cr 3 C 2 or V 8 C 7 brought about an increase or decrease in the sinterability. For equal molar amounts of Cr and V, V 8 C 7 more strongly inhibited the growth of WC grains than Cr 3 C 2 . The hardness of the ceramics was dependent on the WC grain size which was influenced by the nature or quantity of the additives. The hardness values are consistent with the Hall-Petch-type relationship between hardness and WC grain size estimated for WC phases in WC-Co cemented carbides.
Introduction
Although the hardness of WC is slightly inferior to that of TiC, which is the base of TiC-Ni cermets used widely for finishing cutting tools, WC-Co cemented carbides are considered excellent materials for high-performance cutting tools, dies and abrasion-resistant parts due to their superior mechanical strength, elastic modulus and thermal conductivity. When WC-Co cemented carbides are exposed to corrosive conditions, the Co metallic binder triggers severe erosion, which has encouraged the development of binderless carbides such as WC-TaC-TiC 1, 2) and WC-Mo 2 C. 3) Despite being touted as metal-free, these binderless carbides did contain very small amounts of Co, which formed very thin layers between WC grains and between a WC grain and additive carbide phases. 3) Recently, new binderless carbides were developed consisting of WC-SiC whisker (SiC W ) ceramics without any metallic binders. 4) The WC-SiC W ceramics, which were manufactured by resistance-heated hot pressing, called spark plasma sintering, had relatively high fracture toughness values above 7 MPa m 1=2 and exhibited better sinterability than pure WC. The highest degree of sinterability and highest fracture toughness were obtained at 3 to 5 vol% SiC W . The SiC addition, however, resulted in larger WC grains and a consequent lowering in hardness. Therefore, the inhibition of WC grain growth is an essential requirement for the manufacture of hard WC-SiC W ceramics.
In the case of WC-Co cemented carbides, grain growth inhibitors (GGIs) such as Cr 3 C 2 and V 8 C 7 (commonly written as ''VC'') limit the growth of WC grains when included in small amounts.
5) The effects of V 8 C 7 on the microstructure of WC-Co have been extensively studied. The widely accepted inhibition mechanism of V 8 C 7 is based on the existence of nanoscopic V segregation layers at the WC/Co interface in cooled samples and proceeds as follows: W-containing V carbide ((V, W)C phase) segregates at the WC/Co interface, and the segregation layer prevents Ostwald ripening of WC grains induced by dissolutionprecipitation of WC through the liquid or solid Co phase. [6] [7] [8] [9] [10] [11] [12] [13] For Cr 3 C 2 , W-containing Cr carbide ((Cr, W)C phase) layers, which are believed to behave as diffusion barriers, were observed at the WC/Co interface. 14) Segregation layers of V were also observed at random WC/WC grain boundaries in WC-Co, 13) which suggests that V 8 C 7 may inhibit the growth of WC grains in the absence of Co. In WC-TaC-TiC binderless carbides, Cr 3 C 2 and V 8 C 7 exhibited strong inhibitory effects on the grain growth of WC.
2) In this case, however, the grain growth inhibition was likely induced by the formation of Cr and V segregation layers not only between WC grains, but also between Co layers and WC grains. The results of the current study demonstrate potent inhibition of WC grain growth in WC-W 2 B-WB ceramics by V 8 C 7 in the absence of Co and V enrichment in WC grain boundaries as evidenced by TEM-EDS analyses. 15) The aim of this study was to develop fine-grained WCSiC W ceramics with excellent mechanical properties. WC-5 vol% SiC W ceramics containing Cr 3 C 2 and/or V 8 C 7 were prepared by resistance-heated hot pressing and examined with regard to sinterability, microstructure, and mechanical properties. Grain growth inhibition effects on the ceramic hardness are also discussed.
Experimental
Powder mixtures for hot pressing were prepared with WC powder (Japan New Metals, average particle diameter 0. 16) and are only briefly described here. Starting materials were mixed to obtain compositions of WC-5 vol% SiC W with Cr 3 C 2 and/or V 8 C 7 as shown in Table 1 . The powder mixture was sintered under vacuum in a graphite die at 1650 C for 10 min with a resistance-heated hot-pressing system (Spark Plasma Sintering Machine, Sumitomo Coal Mining, SPS-2080).
The sintered bodies were analyzed with a high-power Xray diffractometer (Rigaku, RINT-2500VHF, output 18 kW) and surveyed metallographically with an electron probe microanalyzer (EPMA, JEOL, JXA-8200). The ceramic density was measured by the Archimedean method. Elastic moduli were determined by a pulse-echo method with a hightemperature elastodynamic rate-measuring system (Toshiba Tungalloy, UMS-HL). The Vickers hardness was measured under a 98 N test force held for 15 s. The fracture toughness was estimated by the indentation fracture method using Evans and Davis's equation. 17) 3. Results and Discussion
Bulk density
Sintering of WC required a temperature of 1800 C to obtain a fully dense sintered body with a bulk density of 15.70 Mg m À3 , 4) which agrees with the previously determined X-ray density of 15.669 Mg m À3 . 18) However, WC-5 vol% SiC W (base ceramic) could be densely hot pressed at 1650 C. In the sintered base ceramic and Cr 3 C 2 -added ceramics, XRD analyses showed some evidence of a W 5 Si 3 phase that was not observed in the V 8 C 7 -or Cr 3 C 2 and V 8 C 7 -added ceramics. (V, W)C and (Cr, W)C phases were not detected by XRD.
The bulk density of the sintered bodies is shown in Fig. 1 . The relative density was determined from the experimental bulk density of WC (15.70 MgÁm À3 ) 4) and the X-ray densities of -SiC (3.216 MgÁm À3 ), 19) Cr 3 C 2 (6.66 MgÁm À3 ) 20) and V 8 C 7 (5.641 MgÁm À3 ) 21) assuming that each component was insoluble in the others. The relative density was slightly over 100% in some compositions, which may have been due to the use of X-ray densities in calculations and/or the dissolution of WC in Cr 3 C 2 and V 8 C 7 . The relative density change indicated that the sinterability of WC-5 vol% SiC W was improved or degraded by the addition of Cr 3 C 2 or V 8 C 7 , respectively.
Microstructure
As stated in a previous report, 4) the addition of SiC into WC greatly improves sinterability. At 5 vol% SiC W , WC grains grew considerably during sintering, and the SiC whiskers were rounded. The microstructures of WC-5 vol% SiC W ceramics containing GGIs are shown in Fig. 2 . Small additions of Cr 3 C 2 and/or V 8 C 7 inhibited WC grain growth. V 8 C 7 was more effective in inhibiting WC grain growth than Cr 3 C 2 , as shown in Fig. 2 (b) and 2(c). The less the WC grain growth was, the less SiC whiskers coalesced and agglomerated. This is because SiC whiskers were gathered at the boundaries of growing WC grains. Therefore, the GGIs indirectly influence the morphology of SiC phase by affecting WC grain growth.
In V 8 C 7 -added WC-Co cemented carbides, in which V 8 C 7 strongly inhibited the grain growth of WC, nanoscopic Vsegregation layers were observed via TEM, [6] [7] [8] [9] [10] [11] [12] [13] primarily at WC/Co grain boundaries and rarely at WC/WC grain boundaries. 13) In Cr 3 C 2 -added WC-Co cemented carbides, nanoscopic layers of a (Cr, W)C phase were observed at WC/ Co grain boundaries.
14) V 8 C 7 strongly inhibited WC grain growth in a V 8 C 7 -added WC-base ceramic in the absence of a metallic binder, and in addition, V enrichment was observed in TEM-EDS analyses of WC/WC grain boundaries in the ceramic. 15) Therefore, V segregation must occur at the WC/WC grain boundaries in WC-SiC W ceramics, and Cr segregation is most likely present in these same areas.
The microstructures of the WC-SiC W ceramics with 0.78 mol% V and 0.82 mol% Cr are shown in Fig. 3 . Although the distribution of Cr in the WC-5 vol% SiC W ceramic was uneven, the distribution of V was microscopically uniform. Since neither Cr 3 C 2 14) nor V 8 C 7 8,10,12) are soluble in WC, the excess amounts which were not consumed as nanoscopic segregation layers between WC grains must exist as scattered additive grains. Therefore, the amount of segregated Cr at the WC/WC grain boundaries is likely less than that of segregated V. The average grain size of WC is shown in Fig. 4 . Each GGI addition below 0.2 mol% reduced the WC grain size markedly; above this concentration, the degree of decrease became milder. For equal molar amounts of V and Cr, V 8 C 7 additions had a greater effect than Cr 3 C 2 , which is consistent with results obtained for WC-Co cemented carbides. 5, 22) The weaker inhibitory effect of Cr 3 C 2 was likely due to the smaller amount of segregated material at the WC/WC grain boundaries, as discussed above. Simultaneous addition of Cr 3 C 2 and V 8 C 7 resulted in an effect intermediate to the individual Cr 3 C 2 and V 8 C 7 effects. In general, the grain growth rate for single-phase materials is assumed to be proportional to the product of the grain boundary energy and the grain boundary mobility. 23) Active segregation (or adsorption) to a grain boundary thermodynamically lowers the grain boundary energy as indicated by the Gibbs adsorption isotherm. Segregation layers at grain boundaries must also reduce mobility. These effects contribute to reducing the grain growth rate.
Mechanical properties
Young's moduli and Poisson's ratios of the sintered bodies are shown in Fig. 5 . The Poisson's ratio remained unchanged after the addition of GGI. The Young's modulus for both the 5 µm separate V 8 C 7 addition and the simultaneous Cr 3 C 2 and V 8 C 7 addition decreased with GGI content. The calculated Young's modulus, determined by the volumetric proportion of each component using 702 GPa for WC, 4) 440 GPa for hot-pressed SiC, 24) 370 GPa for Cr 3 C 2 25) and 430 GPa for V 8 C 7 , 25) remained nearly the same due to the relatively small amounts of GGI. The V 8 C 7 addition resulted in the largest decrease in Young's modulus. This trend was similar to that observed for the bulk density in Fig. 1 . For ceramics with relatively low porosity, the Young's modulus decreased linearly with increasing porosity. Changes in Young's moduli with the bulk density are shown in Fig. 6 . The slope of the plot in Fig. 6 approximates the calculated slope based on porosity. Consequently, changes in the Young's modulus as a function of GGI content reflect the effect of the GGI addition on sinterability.
The Vickers hardness of the sintered bodies is shown in Fig. 7 . The hardness increased in the following order: V 8 C 7 , simultaneous Cr 3 C 2 and V 8 C 7 , Cr 3 C 2 additions. This order is consistent with that observed for the effect of GGI additions on WC grain size.
Ceramics generally exhibit linear hardness-(grain size)
À1=2 dependencies, much like the Hall-Petch relation for yield strength, at grain sizes below several micrometers. 26) The hardness is shown in Fig. 8 as a function of (WC grain size)
À1=2 . Lee and Gurland 27) modeled and analyzed the hardness of WC-Co cemented carbides with different WC grain sizes and Co mean free path lengths by assuming that hardness-WC grain size and -Co mean free path length relations in the WC and Co phases adhered to their respective Hall-Petch-type relationships. Their model succeeded in consistently explaining the hardness of WC-Co cemented carbides. The relationship predicted for the WC phase from their model is H V =MPa ¼ 13:55 þ 7:16d À1=2 , where d is the grain size in mm. The line generated from this relationship is in good agreement with the results shown in Fig. 8 . The hardness of sintered WC 25.3 GPa at an average WC grain size of 0.4 mm 4) also falls within the expected region of the plot in Fig. 8 . These results indicate that the hardness of WCSiC W ceramics was not affected by the small amount of SiC W and that it was not controlled directly by the type or quantity of the additives, but by the WC grain size. Due to their insolubility in WC, 8, 10, 12, 14) Cr 3 C 2 and V 8 C 7 must not change the bulk properties of the WC grains. Individual grains of Cr 3 C 2 , V 8 C 7 , (Cr, W)C and (V, W)C were scarce in the sintered bodies because of the very small amounts of these materials. Hence, Cr 3 C 2 and V 8 C 7 only influenced the properties of the WC/WC grain boundaries, and the resulting growth inhibition of WC grains ultimately induced an increase in hardness. Cha et al. 28) reported that the hardness of WC-10 mass% Co cemented carbides, with and without small amounts of various GGIs, changed as a function of the WC grain size according to a Hall-Petch-type relationship. In contrast, Cr 3 C 2 additions to WC-10 mass% Co cemented carbide have been reported to yield harder ceramics than V 8 C 7 additions for equal WC grain sizes. 22) However, the observed difference in hardness between ceramics with Cr 3 C 2 and those with V 8 C 7 are relatively small. WC-5 vol% SiC W ceramics in the absence of GGI exhibited a fracture toughness of 7.9 MPaÁm 1=2 . Every GGI addition decreased the fracture toughness with a corresponding increase in hardness as shown in Fig. 9 . Hardness values greater than 20 GPa were obtained above 0.4 mol% V, 0.8 mol% Cr or 0.8 mol% (Cr + V), where the fracture toughness of sintered bodies was approximately 7 MPaÁm 1=2 .
Conclusions
The addition of Cr 3 C 2 or V 8 C 7 to WC-5 vol% SiC W resulted in an increase or decrease in sinterability, respectively. The amount of segregated Cr at WC/WC grain boundaries was presumed smaller than that of V 8 C 7 . For equal molar amounts of V and Cr, the effects of V 8 C 7 additions on the growth inhibition of WC grains were greater than those associated with Cr 3 C 2 additions. Simultaneous addition of Cr 3 C 2 and V 8 C Effects of Cr 3 C 2 and V 8 C 7 on the Microstructure and Mechanical Properties of WC-SiC Whisker Ceramics
